MEC-4 and MEC-10 are the pore-forming subunits of the sensory mechanotransduction complex that mediates touch sensation in Caenorhabditis elegans (O'Hagan, R., M. Chalfi e, and M. B. Goodman. 2005. Nat. Neurosci. 8:43-50). They are members of a large family of ion channel proteins, collectively termed DEG/ENaCs, which are expressed in epithelial cells and neurons. In Xenopus oocytes, MEC-4 can assemble into homomeric channels and coassemble with MEC-10 into heteromeric channels (Goodman, M.B., G.G. Ernstrom, D.S. Chelur, R. O'Hagan, C.A. Yao, and M. Chalfi e. 2002. Nature. 415:1039-1042). To gain insight into the structure-function principles that govern gating and drug block, we analyzed the effect of gain-of-function mutations using a combination of twoelectrode voltage clamp, single-channel recording, and outside-out macropatches. We found that mutation of A713, the d or degeneration position, to residues larger than cysteine increased macroscopic current, open probability, and open times in homomeric channels, suggesting that bulky residues at this position stabilize open states. Wild-type MEC-10 partially suppressed the effect of such mutations on macroscopic current, suggesting that subunitsubunit interactions regulate open probability. Additional support for this idea is derived from an analysis of macroscopic currents carried by single-mutant and double-mutant heteromeric channels. We also examined blockade by the diuretic amiloride and two related compounds. We found that mutation of A713 to threonine, glycine, or aspartate decreased the affi nity of homomeric channels for amiloride. Unlike the increase in open probability, this effect was not related to size of the amino acid side chain, indicating that mutation at this site alters antagonist binding by an independent mechanism. Finally, we present evidence that amiloride block is diffusion limited in DEG/ENaC channels, suggesting that variations in amiloride affi nity result from variations in binding energy as opposed to accessibility. We conclude that the d position is part of a key region in the channel functionally and structurally, possibly representing the beginning of a pore-forming domain.
MEC-4 and MEC-10 are the pore-forming subunits of the sensory mechanotransduction complex that mediates touch sensation in Caenorhabditis elegans (O'Hagan, R., M. Chalfi e, and M.B. Goodman. 2005. Nat. Neurosci. 8:43-50) . They are members of a large family of ion channel proteins, collectively termed DEG/ENaCs, which are expressed in epithelial cells and neurons. In Xenopus oocytes, MEC-4 can assemble into homomeric channels and coassemble with MEC-10 into heteromeric channels (Goodman, M.B., G.G. Ernstrom, D.S. Chelur, R. O'Hagan, C.A. Yao, and M. Chalfi e. 2002 . Nature. 415:1039 -1042 . To gain insight into the structure-function principles that govern gating and drug block, we analyzed the effect of gain-of-function mutations using a combination of twoelectrode voltage clamp, single-channel recording, and outside-out macropatches. We found that mutation of A713, the d or degeneration position, to residues larger than cysteine increased macroscopic current, open probability, and open times in homomeric channels, suggesting that bulky residues at this position stabilize open states. Wild-type MEC-10 partially suppressed the effect of such mutations on macroscopic current, suggesting that subunitsubunit interactions regulate open probability. Additional support for this idea is derived from an analysis of macroscopic currents carried by single-mutant and double-mutant heteromeric channels. We also examined blockade by the diuretic amiloride and two related compounds. We found that mutation of A713 to threonine, glycine, or aspartate decreased the affi nity of homomeric channels for amiloride. Unlike the increase in open probability, this effect was not related to size of the amino acid side chain, indicating that mutation at this site alters antagonist binding by an independent mechanism. Finally, we present evidence that amiloride block is diffusion limited in DEG/ENaC channels, suggesting that variations in amiloride affi nity result from variations in binding energy as opposed to accessibility. We conclude that the d position is part of a key region in the channel functionally and structurally, possibly representing the beginning of a pore-forming domain.
I N T R O D U C T I O N
Classical approaches to probing the relationship between structure and function in ion channels include site-directed mutagenesis of conserved residues, analysis of chimeric channels, and X-ray crystallography. Although structures have been solved for mechanosensitive channels of bacteria (Chang et al., 1998; Bass et al., 2002) , no three-dimensional structure is currently available for any eukaryotic mechanosensitive channel, including the MEC-4 channel. Likewise, no structural data are available for any other member of the degenerin and epithelial Na + channel (DEG/ENaC) family. MEC-4 is a 768-amino acid protein composed of two transmembrane domains separated by a large extracellular loop (Lai et al., 1996) . Residues conserved among members of the DEG/ENaC family include several near the predicted second transmembrane domain, TM2. Structure-function studies using site-directed mutagenesis to modify ENaCs have revealed that several of these conserved residues contribute to gating, ion selectivity, and amiloride blockade .
Compared with site-directed mutagenesis, which presumes conserved residues are critical for function, genetic screens provide a model-independent approach for identifying residues of functional importance. Genetic screens in Caenorhabditis elegans have recovered 10 missense alleles of mec-4 that affect residues in or near TM2 (Driscoll and Chalfi e, 1991; Hong et al., 2000; Royal et al., 2005) . One of these alleles, u2, replaces a conserved glycine residue with aspartate (Hong et al., 2000) and alters ion selectivity of the native mechanotransduction current (O'Hagan et al., 2005) . Three missense alleles, e1611, u231, and u56, replace an alanine at position 713 with valine, threonine, or aspartate, respectively (Driscoll and Chalfi e, 1991; Hong et al., 2000) . All three mutations cause swelling followed by degeneration of C. elegans touch neurons (the Deg phenotype) and concomitant loss of touch sensitivity (the Mec phenotype) when the mutant proteins are overexpressed (Hong et al., 2000) . Substitutions (A to V) at the equivalent positions in DEG-1 and MEC-10 produce similar Deg phenotypes (Chalfi e and Wolinsky, 1990; Huang and Chalfi e, 1994) . Because of the degeneration phenotype produced by mutation at this position, it is called the d position.
For obvious reasons, the effect of degeneration-causing mutations on MEC-4-dependent channel function cannot be studied using in vivo recording. Nonetheless, genetic studies have provided useful insights into the structural determinants of MEC-4-dependent degeneration in vivo. For example, transgenes encoding MEC-4 with residues larger than alanine at the d position cause dominant Mec and Deg phenotypes, while those introducing residues smaller than alanine cause neither dominant Mec nor Deg phenotypes (Driscoll and Chalfi e, 1991) . Driscoll and Chalfi e (1991) proposed that bulky residues prevent channel closure. Because the Mec and Deg phenotypes are only an integrative manifestation of what occurs at the molecular level, however, a genetic approach cannot be used to test this hypothesis or to evaluate whether or not any particular mutation alters additional aspects of channel function, including ion selectivity or single-channel conductance.
MEC-4 is coexpressed with MEC-10 in vivo and both proteins are part of the native sensory mechanotransduction complex in C. elegans (O'Hagan et al., 2005) . Previously, we showed that oocytes expressing wildtype, heteromeric channels expressed small, amiloridesensitive currents that increased when the d residue was mutated to threonine in MEC-4, but not in MEC-10 (Goodman et al., 2002) . We also showed that threonine double mutant channels carried larger currents than MEC-4 single mutants. This result indicated that while mutations in MEC-10 have little effect on their own, such mutations can enhance the effect of mutations in MEC-4.
Within the DEG/ENaC family, alterations in channel function with mutation at the d position are not restricted to C. elegans family members. Indeed, introducing bulky residues at the d position in mammalian ENaC subunits increases current amplitude, open probability, and mean open time (Snyder et al., 2000) . Similar manipulations of Drosophila and mammalian DEG/ENaCs render inactive channels constitutively active in heterologous cells (for review see . The picture that has emerged from these studies is that bulky side chains at the d position alter gating in all DEG/ENaC channels through a mechanism in which steric hindrance at the d position stabilizes open states. The details of this process in MEC-4-dependent ion channels remain poorly resolved, however.
We show that steady-state open probability, but neither single-channel conductance nor surface expression, increases with side chain volume at the d position in homomeric channels expressed in Xenopus oocytes. Wild-type MEC-10 partially suppressed the increase in macroscopic current in heteromeric channels. We reasoned that if the nature of the d residue shapes the pore, the external vestibule, or both, then mutating this residue could affect sensitivity to open-channel blockers. Amiloride and its derivatives block most, if not all, DEG/ENaC channels, including native mechanoreceptor currents in C. elegans (O'Hagan et al., 2005) . Because blockade is strongly voltage dependent and decreases the mean open time, it is believed to result from occlusion of the channel pore . We therefore used amiloride and two related compounds (benzamil and benzamadine) to probe for possible structural effects of mutation at the d position in homomultimeric MEC-4 channels and heteromultimeric MEC-4/MEC-10 channels expressed in Xenopus oocytes.
M AT E R I A L S A N D M E T H O D S
Constructs Constructs encoding full-length, wild-type MEC-4 and MEC-10 were propagated in SMC4 bacteria (American Type Culture Collection accession No. PTA-4084) as previously described (Goodman et al., 2002) . Constructs encoding full-length, wild-type MEC-2 were propagated in XL1-Blue. Plasmids encoding mutant MEC-4 and MEC-10 isoforms were derived as follows. A restriction fragment of wild-type protein was subcloned into pBluescript and mutagenized in vitro (QuikChange; Stratagene). The mutated fragment was sequenced and reintroduced into the vector encoding full-length MEC-4 and MEC-10 by restriction digest and ligation. Mutations were at position 713 in MEC-4 and 673 in MEC-10. The mutations studied correspond to A713G, A713C, A713S, A713D, A713T, A713V and A673C, A673D, A673T, A673V in MEC-10. Mutations to T and V reproduce the mec-4(e1611) and mec-4(u231) alleles, while mutation to D reproduces one of two missense mutations found in mec-4(u56) (the other is R601C) (Driscoll and Chalfi e, 1991; Hong et al., 2000) .
Heterologous Expression
Capped cRNAs were synthesized in vitro using mMESSAGE mMACHINE T7 kit (Ambion) and quantifi ed spectroscopically. Xenopus laevis oocytes were isolated and injected with 4-10 ng of each cRNA. Oocytes were maintained at 18°C in modifi ed L-15 medium supplemented with gentamicin (144 μM) and amiloride (300 μM) for 2-9 d.
Electrophysiology: Whole-Cell Recordings Membrane current was measured by two-electrode voltage-clamp (OC-725C, Warner Instruments, LLC) at room temperature (21-24°C). Electrodes (1-4 MΩ) were fabricated on a horizontal puller (P-97; Sutter Instruments) and fi lled with 3 M KCl. Analogue signals were fi ltered at 200 Hz (8-pole Bessel fi lter) and sampled at 1 kHz. A 60-Hz notch fi lter was used to minimize line noise. Unless indicated, oocytes were superfused with control saline containing (in mM) Na-gluconate (100), KCl (2), MgCl 2 (2), CaCl 2 (1) and Na-HEPES (10), adjusted to pH 7.4 with NaOH. Amiloride was diluted from a 0.1 M stock solution in DMSO. The amplitude of amiloride-sensitive current was measured as the difference between current measured at −85 mV in the absence and presence of 300 μM amiloride. Voltage ramps (from −100 to +100 mV in 1 s) were applied in the presence and absence of 300 μM amiloride; the difference current was used to measure reversal potentials.
For selectivity experiments, salines of the following composition (in mM) were used: X-gluconate (100), MgCl 2 (2), CaCl 2 (1), and NMDG-HEPES (10), adjusted to pH 7.4 with NMDG. Cation X + was Na + , K + , Li + , Cs + , or NMDG + . Sojourns in test solutions were interleaved with control Na + -gluconate saline to monitor changes in internal Na + concentration. Relative permeabilities (P X /P Na ) were calculated using the difference in the reversal potential measured in saline with Na + and in solution with X + and the Goldman-Hodgkin-Katz voltage equation.
For experiments measuring antagonist affi nity, whole-cell currents were measured at voltages between −100 mV and +40 mV in control saline containing different concentrations of antagonist. At least eight concentrations were applied in each recording. Measured current was normalized to the total amiloride-sensitive current. The apparent K i ' was determined by fi tting the data according to
, where I 0 is the total antagonist-sensitive current.
An estimate of the electrical depth of the antagonist-binding site within the channel was obtained by fi tting a plot of K i ' vs. voltage with Woodhull's model of the voltage dependence of ionic blockade (Woodhull, 1973) :
in the absence of an electric fi eld, δ is the fraction of the membrane potential acting on the binding site, and z, F, R, and T have their usual meanings.
Electrophysiology: Outside-Out Patches Vitelline membranes were removed from oocytes manually following incubation in a hypertonic solution composed of (in mM) NMDG-aspartate (220), MgCl 2 (1), EGTA (10), KCl (2), HEPES (10), and amiloride (0.3), adjusted to pH 7.4 with NMDG. Pipettes (1.5-3.5 MΩ) were fi lled with a low-calcium saline solution containing (in mM) Na-gluconate (100), NaCl (2), CaCl 2 (2), Na EGTA (5) and HEPES (10), adjusted to pH 7.4 with NaOH. Single-channel and macropatch currents were recorded in an outside-out confi guration with a patch-clamp amplifi er (WPC-100 E.S.F.; Bioscience Tools), fi ltered (F c = 1-5 kHz, 4-pole Bessel fi lter), and digitized at a rate that was at least three times the fi ltering frequency. Pulse/Pulsefi t software (HEKA Electronics Inc.) was used to control data acquisition; Igor Pro (Wavemetrics) and QuB Software (The Research Foundation of the State University of New York; http://www.qub.ubuffalo.edu) were used for singlechannel data analysis. Single-channel conductance and open probability were calculated from all-points histograms derived from leak-subtracted records that were 6 min long on average. Leak currents were estimated by fi tting a line to time intervals in which all channels were closed and subtracting the result from the data. To minimize line noise, some analogue single-channel records were digitized after conditioning with a 60-Hz noise cancellation device (Humbug; Automate Scientifi c). We tested whether such conditioning altered measurements of single-channel current, the number of events detected using QuB, or their average dwell times by analyzing conditioned and raw versions of the same record. This analysis showed that none of these parameters differed by >1%. At least 13,000 events were analyzed for each isoform.
Fast Solution Exchange
Solution switching was accomplished using a 16-channel microfl uidic chip mounted on a motorized x-y stage (Dynafl ow; Cellectricon). Switching times were measured by monitoring the change in liquid junction potential produced by solution exchange. Solution exchange occurred with an exponential time course whose time constant was 1.3 ± 0.6 ms (n = 11 pipettes) when the solution fl ow rate was 70 nl/s/channel and the stage was moved at maximum speed (30 mm/s).
Reagents
All chemicals were obtained from Sigma-Aldrich. Benzamil and amiloride were diluted from 0.1 M stock solutions in DMSO; benzamidine was diluted from a 1 M stock solution in water. 
Statistics and Curve Fitting
Average values are reported as mean ± SEM. Signifi cance was tested using Student's t tests or one-way ANOVA followed by posthoc comparisons to data for A713wt channels. ANOVA results are expressed in the form F(a,b) = c, where a and b are the degrees of freedom in the ANOVA and c is the value of the F statistic. Curves were fi t by a nonlinear least squares method (IgorPro; WaveMetrics); the standard deviation measured at each point was used as a weighting function. The standard error of the coupling energy, RTlnΩ, was calculated by propagating the errors of the individual K i ' measurements.
Online Supplemental Material
Two tables are provided as supplemental material (available at http://www.jgp.org/cgi/content/full/jgp.200609672/DC1) to the double mutant cycle analysis. Table S1 contains amiloride K i ' values and parameters derived from fi tting K i ' vs. voltage plots with the Woodhull equation for all combinations studied. Table S2 contains the results of one-way ANOVA of the K i ' measurements at two voltages.
R E S U LT S

The Domain that Includes the d Position in DEG/ENaC Proteins Is Highly Conserved
The ASC protein family from Pfam (Bateman et al., 2004) includes C. elegans degenerins and ENaC channel proteins from nematodes, insects, mammals, amphibians, and fi sh. Across these diverse metazoan species, the d position, which can mutate to cause degeneration in C. elegans, is occupied by serine, alanine, glycine, or asparagine in descending order of frequency (Fig. 1) . Introducing bulky residues at this position (residue 713 in MEC-4) renders MEC-4 channels constitutively active (Goodman et al., 2002) , suggesting that substitutions at the d position alter gating. To explore this idea further and to understand the mechanistic basis for changes in gating, we compared the function of wild-type and mutant MEC-4 homomeric channel isoforms expressed in Xenopus oocytes. We focused our analysis on amino acid substitutions that reproduce common wild-type alleles in other family members (G, S), introduce a site for covalent modifi cation (C), or reproduce mutant alleles that cause degeneration in vivo (V, T, D). To enhance current amplitude, all channel isoforms were coexpressed with MEC-2 (Goodman et al., 2002) .
Amplitude and Relative Permeability of A713X Isoforms
On average, amiloride-sensitive current increased with the volume of the amino acid residue at the d position (Fig. 2) . Because expressing DEG/ENaC channels in Xenopus oocytes can increase cytoplasmic Na + concentrations (Canessa et al., 1994; Goodman et al., 2002) , we incubated oocytes in culture medium containing 300 μM amiloride. To determine whether this maneuver was successful in preventing Na + loading, we measured the reversal potential of amiloride-sensitive current. The reversal potential expected if amiloride-sensitive currents are carried only by Na + was calculated from the Nernst potential,
Assuming that channel expression has no effect on internal Na + concentration and that the internal Na + concentration is 22 mM, as reported for one-celled Xenopus embryos (Gillespie, 1983) , E rev ≈ +41 mV in our solutions. We found that amiloride-sensitive currents reversed polarity near +40 mV in cells expressing small currents, but that currents reversed polarity near 0 mV in cells expressing large currents (Fig. 2) . This trend was evident for all MEC-4 isoforms examined except for A713S. (Currents in cells expressing A713S were too small to measure and this isoform was not analyzed further.) Thus, channel expression can alter internal Na + concentration, and the extent of Na + loading is proportional to the amplitude of the amiloride-sensitive current expressed by each cell.
Variation in current amplitude might also derive from mutation-induced changes in relative ionic permeability. The permeability for Li + , K + , Cs + , and NMDG + relative to Na + , P x /P Na , was similar for all MEC-4 isoforms tested. As reported previously for A713T (Goodman et al., 2002) , we found P Li > P Na > P K > P Cs > P NMDG (Table I) . Thus, mutating the d residue does not affect ion selectivity.
TA B L E I
Relative Permeability for A713X Homomeric Channels Ionic permeability relative to that for Na + (P X /P Na ) was measured for indicated isoforms in two-electrode voltage clamp. Values are P x /P Na and are expressed as mean ± SEM (n). One-way ANOVA for P x /P Na : P The Relationship between Side-Chain Volume at 713 and Single-Channel Properties Prior in vivo analyses and studies of expressed MEC-4 channels suggest, but do not prove, that bulky residues at the d position increase open probability P o . We tested this idea directly by recording from single MEC-4 A713X channels in outside-out patches from Xenopus oocytes and found, as predicted, that P o increased with sidechain volume (Fig. 3 A) . Except for A713D, the singlechannel conductance, γ, of mutant isoforms was not signifi cantly different than wild type (Fig. 3 B) . We obtained an estimate of N from the relationship between whole-cell current (I), single-channel properties (P o , γ), and driving force:
For each wholecell recording, we measured I and E rev and used the average values of P o and γ to derive an estimate of N. Each of the mutant isoforms expressed signifi cantly fewer channels than A713wt (Fig. 3 C) , indicating that an increase in surface expression is not responsible for the increase in macroscopic current with mutation to residues larger than alanine. Additional experiments are required to determine how mutations at the d position decrease surface expression of MEC-4 channels in oocytes and to determine if this also occurs in vivo. Each of the MEC-4 isoforms exhibited distinctive single-channel behavior. Fig. 4 shows representative single-channel recordings obtained from outside-out patches. Every patch was exposed to 50 μM amiloride to verify that the channels being studied were bona fi de amiloride-sensitive MEC-4 channels. All isoforms exhibited shorter-lived channel openings in the presence of amiloride than in its absence (Fig. 4) , consistent with prior work indicating that amiloride is an open channel blocker in ENaC (Palmer and Frindt, 1986; Kellenberger et al., 2003) .
A713wt channels opened briefl y and exhibited occasional bursts of channel activity. Replacing the wild-type alanine with glycine did not obviously alter steady-state P o or mean open time (Table II) . By contrast, replacing the wild-type alanine with larger residues resulted in higher P o , longer open times, and shorter closed times (Table II) . A single subconductance state was observed in isoforms with residues larger than alanine, as indicated by the appearance of a shoulder in the all-points histograms (Fig. 4) . Rarely, we observed events that resembled visits to subconductance states in A713wt and A713G channels. Such events were diffi cult to resolve, and because they could represent incomplete closures instead of true subconductances they were not analyzed in detail. The model emerging from these results is one in which the stability of open state(s) in MEC-4 channels increases with the volume of the residue at the d position, while the stability of the closed state decreases.
Transitions to the intermediate subconductance state were observed from the both the closed and fully open state for isoforms with residues larger than alanine. Indeed, for A713T, A713D, and A713V isoforms, channels often chattered between the two substates (Fig. 4) . For all patches in which substates were detected, the conductance of the larger state was not an integer multiple of the smaller one. Additionally, the relative amplitudes Steady-state open probability, P o (A), single-channel conductance, γ (B), and estimated channel number, N (C), as a function of side-chain volume. Microscopic parameters, P o and γ, were determined from outside-out patches containing one to two channels. The square root of the probability of not being closed was used as an estimate of P o for two-channel patches. N was estimated as described in the Results. The data are summarized in Table II . One-way ANOVAs for P o , γ, and N were as follows: F(5,46) = 8.354, P = 1.11e-05; F(5,46) = 6.791, P = 8.12e-05; and F(5, 97) = 12.94, P = 1.2e-09. Pairwise Dunnet's test with respect to wild-type: *, P < 0.01. of the substates were similar for all isoforms in which substates were detected (Table II) . Thus, these events represent sojourns in a true subconductance state. Although the functional signifi cance of substates is not clear, their existence shows that MEC-4 channels can adopt at least two stable open (conducting) states.
In mammalian DEG/ENaC channels that carry a cysteine residue at the d position, application of MTS reagents appears to lock channels in an open state (Adams et al., 1998; . We applied (2-sulfonatoethyl) methanethiosulfonate (MTSES) to outside-out patches containing A713C channels, but were not able to resolve any effects at the single-channel level. This failure was not due to inaccessibility of the d position, however. Indeed, we found that MTSES increased macroscopic current carried by A713C, but not A713T channels. Before and after MTSES, amiloridesensitive current at −85 mV was −4.15 ± 1.3 μA and −6.80 ± 1.8 μA (P < 0.005, paired Student's t test) in six cells expressing A713C channels and −10.5 ± 3.4 μA and −8.95 ± 3 μA (P = 0.26, paired Student's t test) in four cells expressing A713T channels.
Certain A713X Isoforms Alter Block by Amiloride and Benzamil
Amiloride blocks all DEG/ENaC channels with submicromolar affi nity and inhibits current by occluding the permeation pathway. Different isoforms vary in their affi nity and in the voltage dependence of blockade . We compared amiloride sensitivity among A713X isoforms at voltages between −100 and +40 mV and found that steady-state Single-channel recordings of A713X isoforms at −150 mV. Inward current is down and substates are indicated by a horizontal dashed line. To the left of each trace is a segment of the same recording (displayed on a compressed timescale) showing current in the presence (t < 0) and absence (t > 0) of 50 μM amiloride. All-points histograms are to the right of each trace, including fi ts to the distribution with a sum of Gaussians. The peak corresponding to the closed state is indicated by the vertical dashed line. Similar results were obtained in at least four patches for each isoform.
dose-response curves for all isoforms were fi t by a singlesite binding curve ( Fig. 5 A and Table III ). Three isoforms, A713G, A713T, and A713D, had reduced affi nity for amiloride compared with A713wt (Fig. 5 B) . Though the effect on K i ' was modest (2.8-fold, on average), it persisted across the entire voltage range studied (Fig.  5 C) . There was no detectable change in the voltage dependence of blockade, however, indicating that mutation did not alter the position of the amiloride-binding site with respect to the electric fi eld. The amiloride K i ' and voltage dependence of block for the A713C and A713V isoforms were similar to those of A713wt (Fig.  5 C and Table III) .
Increases in macroscopic amiloride K i ' were not obviously correlated with side-chain volume, polarity, hydrophobicity, or charge of the residue at the d position. We probed these observations further by comparing the amiloride K i ' of unmodifi ed A713C channels with that of MTSES-modifi ed channels. Though MTSES increased the average current amplitude (see above) and decreased the voltage dependence of binding, the amiloride K i ' of modifi ed channels was not signifi cantly different than that of unmodifi ed channels at −60 mV (Table III) . Thus, changes in amiloride affi nity are unlikely to result from differences in side-chain volume or charge alone.
To determine whether mutations at the d position alter sensitivity to related compounds, we compared the sensitivity of A713wt and A713T channels to benzamil and benzamidine. Benzamil is an amiloride derivative that contains a benzyl substitution on the guanidinium moiety, while benzamadine is a phenyl-substituted guanidinium ion (Fig. 5 C) . Benzamil, like amiloride, is likely to bind in the channel pore since blockade of both A713wt and A713T channels was voltage dependent (Table III) . As found for amiloride blockade, A713T channels were less sensitive to benzamil than A713wt (Fig. 5 A) . Benzamadine, by contrast, inhibited A713T and A713wt channels with similar affi nities at −60 mV, which was signifi cantly lower than that of amiloride and benzamil (Fig. 5 A and Table III) . Like amiloride and benzamil, benzamidine blockade was voltage dependent (Fig. 5 C and Table III ). The voltage dependence of benzamidine blockade differed between A713wt and A713T channels, however. This suggests that the position of the benzamidine binding site is altered by mutation at the d position.
Amiloride and Benzamil Are Open Channel Blockers
Studies of ENaC have shown that amiloride is likely to be an open channel blocker (Palmer and Frindt, 1986; Kellenberger et al., 2003) . The simple open state block model
predicts that the on-rate depends linearly on the blocker concentration while the off-rate is concentration independent. To test this model, we measured on-and offrates for a range of amiloride concentrations (0.5 to 100 μM). Amiloride-supplemented and control salines were applied alternately at 1-s intervals to macropatches held at −60 or −100 mV. The solution switch rate imposed an upper bound (1 ms; see Materials and methods) on the on-rates that could be measured reliably. Accordingly, only concentrations that yielded on-rates <<1000 s −1 were considered. Currents recorded during drug application show that the on-rate increases with concentration, while currents recorded during superfusion with drug-free saline indicate that the off-rate was independent of concentration ( Fig. 6 A) . At −60 mV, (3) 21 (1) A713V 17 ± 6 (3) 35 ± 4 (6) 2.4 ± 1 (3) 23 ± 6 (3) 0.53 ± 0.17 (6) 69 ± 31 (5) 59 ± 21 (4) Properties of A713X channels measured in outside-out patches from Xenopus oocytes. Values are mean ± SEM (n = number of patches). For each isoform, a subset of the collected patches were used for each calculation. Only patches with one to two channels were used to measure γ, P o , and τ o . Only patches where no double openings were observed were used to calculate τ c . γ 1 and γ 2 represent the smaller and larger subconductance state, respectively. For two-channel patches, the square root of the probability of not being closed was used as an estimate of P o . In cases in which channels lacked substates, the conductance was considered to represent the substate with the closest conductance. <γ> represents weighted average conductance calculated according to the relative occupancy of γ 1 and γ 2 : (P 1 γ 1 + P 2 γ 2 )/(P 1 + P 2 ). Single-channel conductance and P o were calculated from all-points histograms, which were derived from recordings that were a total of 68.0, 9.4, 91.5, 40.5, 40.4, 23.4 min long for A713wt, A713G, A713C, A713T, A713D, A713V, respectively. Dwell times were derived from recordings containing a total of 69.2, 103.6, 106.8, 17.5, 13.0, 14.0 thousand events for A713wt, A713G, A713C, A713T, A713D, A713V, respectively.
we found that k on was 60 ± 8 μM −1 s −1 and k off was 29 ± 2 s −1 .
According to the Woodhull model, charged antagonists that bind externally and do not permeate the pore have on-and off-rates that vary with voltage according to Eqs. 1 and 2, respectively.
In three patches, we compared the rates at holding potentials of −60 and −100 mV. As expected, hyperpolarization increased on-rates and decreased off-rates (Fig.  6 B) . At −100 mV we found that k on was 79 ± 2 μM −1 s −1 and k off was 21 ± 1 s -1 . Thus, the on-rate increased by a factor of 1.3, while the off-rate decreased by a factor of 1.4. These empirical values are similar to the factor calculated from Eq. 1 and Eq. 2, which was 1.4. We also compared the on-and off-rates for amiloride to those for the amiloride analogue benzamil. In wholecell measurements, benzamil blocks A713wt with higher affi nity than does amiloride (Fig. 5 and Table II ). This affi nity difference appears to be due to a much slower off-rate (Fig. 6 B) . Interestingly, on-rates for benzamil were also slower (Fig. 6 B) . At −60 mV we found that (for benzamil) k on was 17 ± 6 μM −1 s −1 and k off was 4.0 ± 1.1 s −1 .
Benzamil is expected to have a slower on-rate than amiloride owing to its larger size if on-rates are diffusion limited (see Discussion).
We also measured blocking and unblocking rates for A713T channels. In whole-cell measurements, the affi nity for amiloride is reduced by approximately twofold (Fig. 5 and Table II ). When we made the analogous measurements in outside-out patches, however, no such difference was observed. This discrepancy was not due to differences in the solutions used to make the measurements (not depicted), but likely refl ects a difference in the biophysics of the channel in the two different environments.
Allele-specifi c Interactions in Mutant MEC-4/MEC-10 Heteromeric Channels
Though MEC-4 is 56% identical to MEC-10, the two proteins are not redundant since loss of mec-4 alone is suffi cient to eliminate mechanoreceptor currents in vivo (O'Hagan et al., 2005) . To learn more about how MEC-4 and MEC-10 cooperate to form a single ion channel, we compared macroscopic currents carried by wild-type heteromeric channels to those carried by single-and double-mutant heteromeric channels. In this analysis, we focused on mutating the d residue (which is alanine in both MEC-4 and MEC-10) to larger amino acids. We found that mutating the d residue to cysteine (Woodhull, 1973) . See Table II for fi tting parameters and the number of oocytes tested for each isoform and compound. and aspartate in MEC-4 increased current carried by heteromeric channels, but had little effect in MEC-10 single mutants (Fig. 7 A) . Currents carried by valine double mutants were larger than those carried by either single mutant channel (Fig. 7 C) , while aspartate and cysteine double mutant channels carried less current than the MEC-4 single mutant (Fig. 7, A and B) . Collectively, these observations indicate that mutations at the d residue in one subunit infl uence the effect of mutations in the other and, like allele-specifi c genetic enhancement and suppression, are consistent with the idea that MEC-4 and MEC-10 interact near the d position to regulate channel activity.
To explore this idea further, we measured amiloride K i ' for all of the heteromeric channels studied above. As shown for MEC-4 homomeric channels (Fig. 5 and Table III) , mutating the d residue to threonine or aspartate in MEC-4 increased amiloride K i ' of hetermomeric channels ( Fig. 7 and Table S1 ; supplemental material available at http://www.jgp.org/cgi/content/full/jgp .200609672/DC1). The effect of mutating MEC-4 on amiloride K i ' depended on whether or not the d residue in MEC-10 was also mutant. We quantifi ed the strength of this interaction by treating the dataset as a double mutant cycle. This formalism has been used to defi ne residues in ion channels that interact with both peptide (e.g., Hidalgo and MacKinnon, 1995) and nonpeptide ligands (e.g., Choudhary et al., 2003; Kash et al., 2003) . Interacting pairs of amino acid residues are identifi ed based on the following heuristic: if residue a interacts with residue b, then the effect (on amiloride blockade) of mutating residue a should depend on whether or not residue b is mutated. If the residues do not interact, then the change in K i ' associated with mutation in MEC-4 is identical to the change in K i ' associated with mutation in MEC-10. We summarized the data by calculating a coupling coeffi cient, Ω (Hidalgo and MacKinnon, 1995) : where wt and mu indicate wild type and mutant, respectively. If two mutations affect amiloride blockade independently, then Ω will be unity. If the residues interact, then Ω will deviate from unity. The coupling energy was calculated from RTlnΩ. We found evidence for interaction when the d residue was mutated to aspartate and threonine, but not to cysteine or valine. Similar results were found at −100 and −60 mV (Fig. 7, D and E) . We verifi ed that measured differences in K i ' were statistically signifi cant using a one-way ANOVA of the values used to calculate Ω and RTlnΩ (see Table S2 ). Though small (<5 kJ mol −1 ), coupling energies in heteromeric channels showed an analogous dependence on side-chain identity as that exhibited by homomeric channels (compare Figs. 5 and 7). Other studies have used mutant cycles to infer distances between interacting residues. No such inferences are possible in the present study, however, since residues as close as 4 Å and as distant as 15 Å exhibit coupling energies <5 kJ mol −1 (Schreiber and Fersht, 1995) . The nonzero coupling energies in aspartate and threonine mutant cycles do suggest, however, that the d residues are close enough to interact with amiloride in the channel pore and imply that the channel pore is unlikely to be wider than the long axis of amiloride (8 Å) near the d residue.
TA B L E I I I
Affi nity Constants for A713X Homomeric Channels
K i ' @ −60 mV K i ' (0 mV) δ ∆ G°μ M μM kJ/mol
D I S C U S S I O N
Large Side Chains at the d Position Increase P o and Mean Open Time
Gain-of-function mutations at the d position in mec-4, mec-10, and deg-1 cause degeneration in vivo (Chalfi e and Wolinsky, 1990; Driscoll and Chalfi e, 1991) . It was proposed that degeneration occurred in response to unregulated channel activity (Driscoll and Chalfi e, 1991) . One key tenet of the model is that large residues at the d position induce degeneration by increasing the time the channel spends in the open state. We tested this hypothesis by comparing the single-channel properties of gain-of-function mutants known to cause degeneration in vivo to those of mutants that do not. We found that residues that cause degeneration in vivo increase open probability and average open time in homomeric channels and that the extent of this effect increased with side-chain volume. Side-chain charge may also play a role since A713D had the largest open probability (Fig. 3 A) . Considered together, our analysis of whole-cell currents, relative ion permeability, and single-channel currents demonstrate that increases in open probability are suffi cient to explain the increases in whole-cell current. This fi nding provides strong support for the idea that introducing large residues at the d position favors the open state. Our data also suggest that the impact of large side chains on P o depends on subunit-subunit interactions. The following evidence supports this conclusion. Currents carried by mutant homomeric MEC-4 channels were larger than those carried by heteromeric channels composed of mutant MEC-4 and wild-type MEC-10 subunits. This result indicates that wild-type MEC-10 can partially suppress the effect of mutation in MEC-4. Such suppression is not a simple function of the volume of the d residue in MEC-4, however, since cysteine single mutant heteromeric channels carried larger currents than valine single mutant heteromeric channels (Fig. 7) . We also found that mutating the d residue in MEC-10 resulted in either enhancement or suppression depending on the amino acid substitution. These allele-specifi c interactions suggest a model in which adjacent subunits interact near the d position to modify P o , presumably by altering the stability of the open state. affi nity (Vassalli and Belin, 1987) . To gain more insight into the difference in affi nity for amiloride and benzamidine exhibited by MEC-4 channels, we compared high-resolution (1.8-2.1 Å) 3-D crystal structures of an amiloride-urokinase complex with that of a benzamidineurokinase complex (Zeslawska et al., 2000) . One striking difference in these structures is that at least three additional water molecules are present in the binding pocket when benzamidine is bound compared with when amiloride is bound. This observation raises the possibility that water is displaced when amiloride binds. Release of water molecules upon binding constitutes an entropic factor that could increase the free energy change associated with by as much as ‫7ف‬ kJ/mol per water molecule (Ladbury, 1996) . If amiloride and benzamidine bind to MEC-4 channels in a similar manner as they do to urokinase, and binding amiloride displaces three additional H 2 O molecules than binding benzamidine, then ∆∆G for binding should be in the range of 7-21 kJ/mol. Consistent with this idea, ∆∆G was −13.6 and −9.9 kJ/mol for A713wt and A713T channels, respectively. While this value is consistent with the binding model inferred from the urokinase structures, caution is warranted. Estimates of the entropic change generated by releasing bound water molecules are neither exact nor expected to be identical for all proteinligand interactions.
We further propose that a water molecule is displaced from wild-type, A713V, and A713C channels when amiloride binds and that binding to the lower-affi nity isoforms A713G, A713T, and A713D does not involve displacement of a water molecule. If this model is correct, then lower-affi nity isoforms should exhibit similar free energies of binding or ∆G° at 0 mV and the difference in free energy between low and high-affi nity isoforms (∆∆G°) should be ≤7 kJ/mol. Consistent with this idea, ∆∆G° for amiloride binding with respect to wild-type MEC-4 channels was ‫57.2ف‬ kJ/mol on average (Table III) . The ∆∆G° was larger for benzamil binding (−5.5 kJ/mol), but still <7 kJ/mol.
We note that the contribution of the d position to amiloride binding is modest especially when compared with effect of mutating other positions. For example, mutating the d+7 residue, which is either a glycine or a serine in most, if not all, wild-type channel subunits (see Fig. 1 ), in β or γ ENaC reduced amiloride affi nity by ‫-000,1ف‬fold (Schild et al., 1997) . A less dramatic difference in affi nity between αβ and αγ ENaC channels has been attributed to a 15-residue tract (d+1 to d+15) near the putative pore that differs between β and γ ENaC (McNicholas and Canessa, 1997) . Differences in affi nity between αβ and αγ ENaC channels cannot be attributed solely to d+7, however, since glycine occupies the d+7 position in both β and γ ENaC. These data are consistent with the idea that conserved glycines (and other small residues such as alanine and serine) play a structural role in folding the peptide backbone such that mutating these residues infl uences amiloride binding by altering the structure in this region of the channel.
The DEG/ENaC Channel Pore As proposed by Palmer (1990) in an analysis of native ENaC channels, the general body plan of the outer pore of MEC-4 and other DEG/ENaC channels can be described as a funnel, wide enough to accommodate amiloride and benzamil on the extracellular side, but slim enough at the selectivity fi lter to discriminate between Na + and K + . Our data are consistent with a model in which the d residue is near the rim of this funnel, positioned on the extracellular side of the putative selectivity fi lter. The following observations support this conclusion. First, the d residue is outside of the selectivity fi lter since the relative ion permeability was essentially wild type in all A713X isoforms (Table I) . Second, the effect of mutation on sensitivity to amiloride and benzamil places the d residue on the extracellular side since both drugs act from the extracellular side. Modification of A713C channels by extracellular MTSES also supports this localization. Additional evidence comes from the observation that A713D had a signifi cantly greater single-channel conductance than the other isoforms tested (Fig. 3 B) . This result could refl ect the ability of negatively charged residues to concentrate positively charged permeant ions and increase singlechannel conductance (Green and Andersen, 1991) . A similar effect could be responsible for the increase in macroscopic current amplitude elicited by extracellular application of MTSES to A713C channels, a manipulation that also introduces a negative charge at the d position. In agreement with the idea that side-chain charge at the d position affects single-channel conductance, modifi cation by MTSET, which is positively charged, decreased the single-channel conductance of αβγENaC channels carrying a cysteine at the d position in the β subunit .
